Introduction
Results Neurotrophin-3 (NT-3) is a member of a family of structurally and functionally related proteins that includes NT-3 knockout mice were generated using conventional nerve growth factor (NGF), brain-derived neurotrophic gene targeting techniques (outlined in Figure 1A ). The factor (BDNF), NT-4/5, and NT-6 (Snider, 1994; Davies, gross phenotype of animals homozygous (Ϫ/Ϫ) for the 1994; Lewin and Barde, 1996) . Experiments using funcmutation was essentially the same as has been reported tion-blocking antibodies to these proteins or gene-tarby several other groups. Thus, the majority of the anigeting techniques have shown that together these facmals die on the day of birth, and they all show signs of tors are essential for the survival of many if not all sensory ataxia thought to be indicative of deficits in sensory neurons in the dorsal root ganglion (DRG) (Johnproprioception (Ernfors et al., 1994; Farinas et al., 1994; son et al., 1986; Crowley et al., 1994; Ernfors et al., 1994; Tessarollo et al., 1994; Tojo et al., 1995) . These signs Farinas et al., 1994; Gaese et al., 1994) . In the absence were more obvious in the few animals surviving into the of NT-3, about 55%-78% of sensory neurons are lost second postnatal week; the oldest animal obtained was 16 days. All animals heterozygous (ϩ/Ϫ) for the mutation grew normally and displayed no obvious behavioral ab-
Physiological Classification of Axons Innervating Skin
This loss of axons could be due to an equal reduction in all types of cutaneous myelinated afferents or to the loss of only specific subtypes. To address this issue, in vitro electrophysiological recordings were made from single afferent axons in the same nerve in adult wildtype and NT-3 ϩ/Ϫ mice (see Figure 1B ). Single-unit extracellular recordings were made from axons in teased filaments microdissected from the nerve. Each filament was tested for clear single-unit activity using mechanical stimulation of the skin. As previously reported, all sensory neurons with myelinated axons were primarily activated by mechanical stimulation of their receptive fields, so the sampling of these fibers is unbiased (Handwerker et al., 1991; Lewin and McMahon, 1991; Lewin et al., 1992; Lewin and Mendell, 1994) . After isolation, the properties of each neuron were extensively characterized on the basis of a combination of its conduction velocity, mechanical threshold (determined using calibrated von Frey hairs), and adaptation properties (see Experimental Procedures). The resulting information allowed classification of the neuron into one of four physiological classes (Figure 2) . Generally, the receptive field properties of myelinated afferents were qualitatively identical to those of other mammals, including humans, studied in the past (Perl and Burgess, 1973; Perl, 1992; Vallbo et al., 1979) . Sensory neurons with slow conduction velocities generally less than 10 m/s were considered to be A␦ fibers, while faster neurons were A␤ fibers. This cutoff was selected in all species so far examined (Lisney, 1989) . Most of (B) Recording arrangement. Schematic drawing of the in vitro prepathese A␦ fibers were found to have high mechanical ration. thresholds (Ͼ1.0 mN) and to respond tonically at a low (C) Frequency distribution of myelinated axon diameters. Histofiring frequency to a sustained suprathreshold mechanigrams were generated from 6 adult wild-type and 7 NT-3 ϩ/Ϫ saphecal stimulus; they were consequently classified as nous nerves. **, p Ͻ .005; *, p Ͻ .05 (between each bin).
A-fiber mechanonociceptors (AM; see Figure 2 ). In wildtype animals, a small minority (16%) of these neurons were found to conduct faster than 10 m/s (Figure 3 ).
Cutaneous Myelinated Axons Are Missing
The second group of neurons also have A␦ conduction in NT-3 ϩ/Ϫ and Ϫ/Ϫ Animals velocities but have very different receptive field properThe saphenous nerve, a purely cutaneous nerve, supplyties. These are called D-hair afferents and are charactering hairy skin of the medial calf and foot, contains 510 ized by having extremely low mechanical thresholds (all Ϯ 50 (mean Ϯ SEM) myelinated axons in adult wild-type respond very well to the lowest von Frey hair used here, mice. There was a substantial loss of myelinated axons 1 mN). They typically respond in a very dynamic manner (to 61% of control) in the saphenous nerve of NT-3 Ϫ/Ϫ to skin stimulation (see Figure 2 ). These afferents have animals examined at postnatal day 14 (P14). These ania much more restricted range of conduction velocities mals only rarely survive past the first postnatal day, so than do AM neurons ( Figure 3 ). we have concentrated our analysis on NT-3 ϩ/Ϫ aniFibers conducting faster than 10 m/s had low mechanmals. As adults, NT-3 ϩ/Ϫ mice also show a robust loss ical thresholds, and they were divided into two groups (p Ͻ .01, t test) of myelinated axons, down to 76% of based on their response to a series of standard, 10 s controls, indicating a gene dosing effect. The size distrilong constant force stimuli applied with a feedbackbution of the axons in NT-3 ϩ/Ϫ animals clearly indicates controlled mechanical stimulator (see Experimental Prothat most axons (Ͼ70%) lost are in the larger size range cedures). Those in the first group are termed rapidly (Ͻ5 m). In addition, there is a loss of axons in the smaller adapting (RA) and respond exclusively to movement size range (3-3.5 m), indicating that A␦ axons are also of the skin within their receptive field. Thus, during a lost ( Figure 1C) . However, the morphology of myelinated sustained force stimulus, these neurons respond only axons in NT-3 ϩ/Ϫ animals was normal, with no obvious to the onset and sometimes to the offset of the stimulus deficits in myelination or signs of axonal degeneration (see Figure 2 ). The majority of these fibers probably innervate hair follicles (Perl and Burgess, 1973 ; Lewin (data not shown). sample represents over 20% of the total number of afferent axons present in 1 animal and therefore provides a reliable estimate of the incidence of each physiological and McMahon, 1991) . A small minority may also be field type. In 12 NT-3 ϩ/Ϫ animals, a total of 100 afferents receptors that respond in a rapidly adapting fashion to were recorded and classified. Since there was a loss of stretching of the skin (Perl and Burgess, 1973; axons in these animals, this represents an even higher McMahon, 1991). Using the methods described here, we sample than in the wild-type animals. The results of the cannot distinguish between these two subtypes of RA classification revealed that two subtypes of afferents afferents (see Experimental Procedures). The fibers that were substantially reduced in NT-3 ϩ/Ϫ animals ( Figure  fall into the second major group respond tonically to 3). Among the A␤ afferents, there was a 78% reduction low threshold indentation of the skin and are termed in the incidence of SA-type afferents (Table 1) . There slowly adapting (SA). Again, in vivo these neurons have was a corresponding increase in the number of RA fibeen subdivided in humans, cats, and rats into slowly bers, from 52% to 90% of the A␤ fiber sample (Table  adapting type I (SAI) and type II (SAII) (Perl and Burgess, 1) , which would be expected when one loses one type 1973). We cannot easily distinguish between these two of afferent with the same conduction velocity range. types in this preparation, but on the basis of their irreguMost of the axonal loss was among A␤ fibers, suggesting lar firing pattern, we believe the vast majority of the that the SA fibers had in fact disappeared after reduction population studied here were of the SAI type (see Fig- in NT-3 availability (see Figure 1C ). D-hair receptors were ure 2). These neurons are known to innervate specialthe second type of afferent affected, and their incidence ized Merkel cells in the touch domes of the hairy skin was reduced by 50% (see Table 1 ). The restricted conduction velocity range of these neurons is consistent (Perl and Burgess, 1973 ).
NT-3 ϩ/Ϫ animals ( Figure 4B ). This is also true of SA force stimulus used (5 mN), and this characteristic is the same for those remaining in NT-3 ϩ/Ϫ animals (Figure 4C) . The SA afferents in wild-type and NT-3 ϩ/Ϫ animals also code the stimuli primarily in the lower range with the morphological loss of A␦ axons of a very limited of stimuli used (5-20 mN), and there was no significant diameter spectrum of 3-3.5 m (see Figures 1C and 3) . difference in their stimulus response functions ( Figure  4C ). Thus, the D-hair and SA afferents appear to be Coding Properties of the Remaining reduced only in number; the remaining neurons were Receptors Are Normal functionally normal. The stimulus response functions of The physiological properties of the receptors were ex-RA and AM afferents were also not different in NT-3 tensively characterized in terms of the threshold for acti-ϩ/Ϫ animals (data not shown). vation (determined with von Frey hairs) and their responses to ascending series of constant force stimuli (stimulus response function). In Figures 4A and 4B , the Merkel Cells and Their Afferent Innervation Are Lost Postnatally von Frey thresholds of the different physiological types are plotted in the form of cumulative sum plots. This
In the case of SA mechanoreceptors, it is possible to examine and quantitate their end organs in skin, specialshows that the distribution of thresholds is virtually identical for AM afferents and RA afferents in wild-type and ized Merkel cells within the touch dome complex. The NT-3 ϩ/Ϫ animals. The touch dome complexes were present, but the average number of Merkel cells per complex was drastically reduced (to 15% of control), and many of the touch domes examined contained no labeled Merkel cells ( Figures 5B and 5C ). In some cases, skin was taken from the hindlimb, and the results were similar to those from back skin (data not shown). We used two further cytochemical markers of Merkel cells, protein gene product 9.5 (PGP 9.5) and cytokeratin-18 (Dalsgaard et al., 1989; Pasche et al., 1990) , to confirm that these cells were indeed missing and were not just incapable of taking up quinacrine ( Figure 6 and data not shown).
The gross morphology of the hairy skin in NT-3 ϩ/Ϫ animals was otherwise normal, as was the appearance of hair follicle innervation when visualized with the PGP 9.5 antibody (a marker for all sensory endings; Dalsgaard et al., 1989) . This was also true for the hairy skin of 14-day-old NT-3 Ϫ/Ϫ animals; thus, lanceolate endings were still present on the hairs of these animals (data not shown).
Double staining with antibodies to cytokeratin-18 and neurofilament was used to analyze the development of Merkel cells and their innervation simultaneously. Confocal microscopy enabled us to distinguish Merkel cells and the afferent endings innervating them. In wild-type animals, the Merkel cells and their innervation are already present at birth (Figure 6 ), but the number of cells per complex still increases from birth to P14 (see Figure  5C ). Interestingly, on the second day of life, the number of Merkel cells labeled in Ϫ/Ϫ and ϩ/Ϫ animals is normal (see Figure 5C) , and, more importantly, the cells are innervated by afferent axons (see Figure 6 ). By P14, the number of Merkel cells in NT-3 ϩ/Ϫ animals has decreased to about 50% of wild-type littermates (see Figure 5C ), and these remaining cells are still innervated as in controls (see Figure 6 ). That NT-3 appears to be absolutely necessary for the development of Merkel cells and their afferent innervation is illustrated by the fact that virtually no Merkel cells are seen in NT-3 Ϫ/Ϫ animals surviving until P14 (see Figure 5) . In a very few cases, some labeled Merkel cells remained but were not innervated (see Figure 6 ). This result shows that the loss of the Merkel cells, and their innervation, is still ongoing even after P14. contrast to Merkel cells in hairy skin (Mills et al., 1989) . 
Using cytokeratin-18 and neurofilament as markers, it
The values are based on quinacrine fluorescence or cytokeratin appeared that there was a virtually complete loss of immunostaining. *, p ϽϽ 0.0001 in comparison with wild type; NS, not significant. glabrous skin Merkel cells and their innervation in the foot pad of 14-day-old NT-3 Ϫ/Ϫ animals. However, the number and distribution of these cells were normal on most convenient method in mature animals is to use the the day of birth (data not shown). Thus, these Merkel fluorescent vital dye quinacrine (Nurse et al., 1984) . In cells and their innervation are also dependent on NT-3 normal animals, this dye is taken up by Merkel cells in for survival. the touch dome complex after it is injected systemically. These Merkel cells can then be visualized and counted Discussion in the touch dome complex in whole mounts of the back skin. Typically, these cells are arranged at the base of By recording from cutaneous sensory neurons in NT-3-the epidermis in groups of around 10-30 in mice (Figure  deficient animals, we have shown that two functionally 5A). We initially used this technique to examine the integrity of the Merkel cells in a separate series of adult defined afferent types are reduced in number. The loss of myelinated axons in the same cutaneous nerve can the loss seen in the larger axons is greater than that seen in the smaller axons (see Figure 1C) . At the same entirely account for the observed decreased incidence of D-hair afferents and SA afferents. The magnitude of time, the faster-conducting SA afferents are reduced by nearly 80%, while the more slowly conducting D-hair Merkel cells, in heterozygotes is much more pronounced afferents are reduced by only 50% (see Table 1 ). SAI than expected from gene dosage. In contrast, D-hair afferents innervate Merkel cells in the skin, which, in afferents are reduced to half, similar to that reported hairy skin, are dependent on their innervation for survival for Ia proprioceptive afferents (Ernfors et al., 1994) . (Nurse et al., 1984) . In the adult NT-3 ϩ/Ϫ animals, the
The results indicate that NT-3 is available in limiting loss of these cells is in remarkable agreement with the amounts, which are more critical for certain subsets of results of the electrophysiological analysis. Thus, on afferents than for others. average the number of cells per dome is reduced by Previous studies in the chick have demonstrated that about 80% of control (see Figure 5) . We have further substantial numbers of cutaneous afferents show a surshown that the terminal endings and end organs (Merkel vival response to NT-3 when maintained in vitro (Horycells) of SA afferents are virtually absent in NT-3 Ϫ/Ϫ Lee et al., 1993; LoPresti and Scott, 1994) . Furthermore, animals and severely reduced in NT-3 ϩ/Ϫ animals (see in adult rats, about 15% of sensory neurons retrogradely Figure 6 ); this was also true of glabrous skin receptors.
labeled from skin express the NT-3 receptor TrkC (BarExamination of the development of Merkel cells and bacid, 1994; . It is tempting to their innervation in NT-3 knockout animals indicates that speculate that these neurons require NT-3 during postthese neurons are probably not lost during early embrynatal development. Here we show that about 35% of onic development (see Figures 5C and 6 ). This is in the neurons with myelinated axons appear to require marked contrast to the majority of the sensory neuron NT-3 (D-hair and SA afferents combined). The seemingly loss reported in NT-3 knockouts previously (Ernfors et lower percentage of TrkC-positive cells is consistent, al., 1994; Farinas et al., 1994; Tessarollo et al., 1994) .
as most of the cells retrogradely labeled from skin would By examining Merkel cell number at birth, at P14, and have unmyelinated axons, which outnumber myelinated in adulthood, we have shown that these cells disappear axons in the saphenous nerve by about 4:1 (Lisney, in the first few weeks of life. Thus, at birth the number of 1989).
cells and their innervation are indistinguishable between
In NT-3 and TrkC knockout mice, the lack of propriowild-type and NT-3 Ϫ/Ϫ animals (see Figure 6 ). At P14, ceptive afferents, as evidenced by loss of their end orthe deficit seen in the number of Merkel cells in NT-3 gans (spindles and Golgi tendon organs), and of collater-ϩ/Ϫ animals is only 50% compared with about 80% in als in the ventral spinal cord has received much attention the adult. In the few NT-3 Ϫ/Ϫ animals we could examine (Snider, 1994) . The expression of NT-3 in developing at this age, very few Merkel cells were found, and those skeletal muscle and later on in muscle spindles supports still present appeared not to be innervated (see Figure  the notion that NT-3 might in this case be a muscle-6). Since the axons innervating the Merkel cells are derived factor for muscle afferents during target innervaknown to be the SAI afferents (Perl and Burgess, 1973) , tion (Henderson et al., 1993; Copray and Brouwer, 1994) . these data show that these neurons require NT-3 over Further antibody deprivation experiments carried out in a substantial period of postnatal life. The presence of a the developing chick embryo are in agreement with this normal innervation of Merkel cells in the touch dome at idea (Oakley et al., 1995) . More recent data on the develbirth in NT-3 Ϫ/Ϫ animals also demonstrates that NTopment of muscle innervation in NT-3 knockout animals 3 is not required for the guidance of sensory axons to during development indicate that the absence of targetthese complexes. This is comparable with earlier work derived NT-3 is not the primary cause of the lack of showing that NGF in the whisker pad is unlikely to act as proprioceptors in these animals . a chemotropic factor for sensory axons in vivo (Lumsden These workers show that in these animals neither the and Davies, 1983) . Recent results also indicate that vesmuscle nor the ventral spinal motoneurons are ever intibular afferents, which are severely reduced in BDNF nervated by presumptive muscle afferents. Since afferknockout mice, do not require BDNF to reach their tarent innervation of the muscle is required for the induction gets (Ernfors et al., 1995) .
of muscle spindles and Golgi tendon organs, this fact The physiological properties of the remaining SA afferaccounts for their absence . Other ents in adult NT ϩ/Ϫ mice were indistinguishable from evidence also indicates that many sensory neurons may those of wild-type afferents. This is true of their mechanirequire NT-3 much earlier than during peripheral target cal threshold for activation and for their response to innervation. Thus, it seems that most DRG neurons may suprathreshold stimuli (see Figure 4) . Morphologically, be missing very soon after neurogenesis ends in NT-3 the endings observed on the remaining Merkel cells in Ϫ/Ϫ mice (Tessarollo et al., 1994) . This is in agreement these animals were also normal (see Figure 6 ). The type with another study showing that anti-NT-3 treatment of of morphological end organ or afferent termination for quail embryos leads to very early sensory neuron loss D-hair afferents is unknown, but the physiological prop- (Gaese et al., 1994) . Thus, it would seem that presumperties of the remaining D-hair afferents were normal (see tive proprioceptive neurons can potentially require NT- Figure 4) . Thus, NT-3 is not required for normal function 3 during at least two distinctive phases of their developof SA and D-hair afferents but probably only for their ment: before and during target innervation. In contrast survival. Since there is no morphological marker of the to proprioceptive afferents, the present results indicate D-hair afferents, we cannot exclude the possibility that that cutaneous SA afferents only require NT-3 much these neurons are lost earlier in development than SA later in development, after their peripheral targets, the afferents (see below).
Merkel cells, are innervated. One interesting aspect of the present analysis of NTAn issue that remains open is whether the D-hair affer-3 ϩ/Ϫ animals is that NT-3 appears to be more crucial ents and SA afferents undergo classical cell death in for the development of SA afferents than for D-hair afferents. The loss of SA afferents and their end organs, the the absence of NT-3. We know that at birth in NT-3 ϩ/Ϫ skin of the leg was dissected together with the saphenous nerve, and Ϫ/Ϫ mice there is a very substantial loss of DRG placed corium side up in an organ bath, and superfused (15 ml/min) neurons (Ernfors et al., 1994; Farinas et al., 1994; our with an oxygen-saturated modified synthetic interstitial fluid solution unpublished data). Since SA afferent axons and their containing 123 mM NaCl, 3.5 mM KCl, 0.7 mM MgSO 4 , 1.7 mM
Merkel cells are still present at this time, they are unlikely NaH 2 PO 4 , 2.0 mM CaCl 2 , 9.5 mM sodium gluconate, 5.5 mM glucose, to be part of this lost neuronal population (see Figure   7 .5 mM sucrose, and 10 mM HEPES (pH 7.4) at 32ЊC Ϯ 0.5ЊC (see 6). Since the loss of these afferents' terminals in skin Figure 1B for a schematic drawing of the preparation). Functionally single sensory neurons were recorded extracellularly in teased filatakes more than 2 weeks, it is likely that these cells ments of the desheathed nerve. The conduction velocity of each would die over a substantial length of time. Alternatively, neuron was determined by electrically stimulating its receptive field;
it is possible that their axons die back while their cell the mechanical threshold of the neuron was determined with calibodies are maintained. We cannot at present readily brated von Frey monofilaments. The adaptation properties were distinguish between these two possibilities. The loss of analyzed with constant force stimuli applied with a computer-conaxons together with the loss of functionally charactertrolled probe placed on the receptive field (10 s stimulus of 5-300 mN). Spike data were acquired with custom-made data acquisition ized neurons does not prove that the lost axons belong software running on a PC. Discriminated spike trains were subseto D-hair afferents and SA afferents, respectively. The quently analyzed with a custom-designed template matching proaxon loss may be a phenomenon unrelated to the loss gram and analysis software (Forster and Handwerker, 1990 ).
of D-hair and SA afferents. Thus, it may be that the loss
In general, the 10 m/s cutoff reliably separated A␤ and A␦ fibers, of D-hair and SA afferents here is due to a phenotype but in some cases the responses of the neurons to the standard switch analogous to that observed after anti-NGF treatforce stimuli indicated that the conduction velocity could not always ments in rats (Ritter et al., 1991; Lewin et al., 1992) . In younger animals, the whole lower Davies, personal communication) . These data lead us back skin was dissected. They were mounted in paraffin oil and to conclude that peripherally derived NT-3 is likely to viewed under a fluorescence microscope with the appropriate filter set (Nurse et al., 1984) . Counts of labeled Merkel cells were carried be the functionally important source.
out blind to the genotype of the animal examined. When cytokeratinIn summary, we have shown that two functionally stained cells were counted (see below), the same results were obcharacterized cutaneous sensory neuron types require tained.
NT-3. These cutaneous afferents have not previously been appreciated as being NT-3 responsive. For one of Immunohistochemistry these types, SA afferents innervating Merkel cells, we
Immunostaining of Merkel cells and nerve endings was modified have shown that NT-3 is required only during postnatal from Pasche et al. (1990) . In brief, 40 m frozen sections (tangential development, after the sensory apparatus is present. It to the surface) were cut on slides, fixed in cold acetone, washed is known that these SA afferents are particularly imporin phosphate-buffered saline, and incubated in mouse monoclonal tant for fine tactile sensation (e.g., the ability to discrimiantibody to cytokeratin-18 (Bio-Science Products, RGE53; diluted 1:5) and rabbit polyclonal antiserum to neurofilament H (Affiniti, NA nate surface textures; Vallbo et al., 1979) . The marked 1211; diluted 1:500) for 2 hr to overnight. Secondary antibodies were dependence of these neurons on NT-3, demonstrated
Texas Red-conjugated goat anti-mouse (Cappel, diluted 1:50) and here, has important implications for the use of this factor fluorescein-conjugated swine anti-rabbit (DAKO; diluted 1:50). Secto treat peripheral neuropathies (Hefti, 1994) .
tions were scanned with a Leica confocal microscope, and maximum intensity projections were made with a Silicon Graphics Image Experimental Procedures Space program. Around 50 scanned 0.5 m optical sections were used to make each image. For immunostaining with anti-PGP 9.5 Gene Targeting (UltraClone Ltd, England), paraformaldehyde-fixed skin was used. NT-3 genomic clones were isolated from a 129/Sv library. The neo cassette from pMC1-neo-polyA (Stratagene) was inserted into a
